Introduction
Zirconium (Zr) nuclear fuel claddings are constantly being water-cooled during operation and in the storage period. Reaction of water and claddings causes oxidation and releases hydrogen (H) atoms, some of which enter the cladding and cause formation of Zr hydrides.
Nuclear fuel claddings during operation are under constant hoop stresses caused by the pressure created by fission gases within the claddings. Other stresses occur during the transfer of claddings from operation to storage which can also have some effects on the shape and orientation of Zr hydrides. Some experimental works have shown the importance of external stresses on reorientation of hydrides in claddings [1] [2] [3] [4] [5] .
Claddings are fabricated to create a microstructure that promotes mostly circumferential orientations of hydride platelets [6] ; however, reorientation of hydrides to radial direction has often caused a brittle fracture through the thickness of the cladding by a process known as Delayed Hydride Cracking (DHC). DHC is known as the most limiting factor to the lifetimes of nuclear fuel rod claddings [7, 8] . The previous experimental studies indicate that understanding the effects of stresses on the formation path of  hydrides in cladding materials is important in operating conditions and also during transferring of the used fuel rods from operation to the long-term storage [8] .
The formation and shape evolution of stable  hydrides in Zr alloys also depend on the metastable  and  phases [9, 10] . In a recent work, we developed a multiphase field model and studied the effects of metastable  and  phase hydrides in Zr-based nuclear fuel rod claddings without considering the effects of external loadings [11] . Although some phase-field simulations have been used previously to study the metastable  and  phases under various applied loads [12] [13] [14] , there is no work showing the effects of stresses on the stable  phase.
With the exception of our recent work, there is only one phase-field modeling work that included the  phase and focused on the effects of interface energies and temperature gradients without including the metastable phases (considered a direct formation path of  phase hydrides from Zr matrix) [15] . Significant differences in elastic properties of different phases of hydride indicate that applied loads may significantly affect the formation and shape evolution of these phases. As the metastable phases were shown to be important in the formation and shape evolution of  hydrides without an applied load [11] , it is reasonable to assume that applied loads could cause the impact of the metastable phases to be even greater. This study focuses on predicting the formation, shape evolution, and reorientation of multiphase hydrides under different applied strain conditions.
Multiphase Field Model and Simulation Details
The multiphase field modeling of hydrides without considering an applied load is described in our recent work [11] . In this work, by applying external strains, several different stress states are studied including hoop stress, radial stress, and shear stress in the cross section of a cladding tube. In order to simulate the cross section of a cladding, a two-dimensional (2D) domain is considered where the x-axis is in 1120     direction and y-axis is in   0001 direction.
The   0001 direction is typically oriented close to the radial direction in a cladding tube thus the y-axis will be noted as the radial direction, and the x-axis will be noted as the hoop or circumferential direction. This model uses one conserved phase-field variable to control hydrogen concentration C , and six non-conserved structural field variables i  , one for  -Zr, one for  -Zr 2 H, one for  -ZrH 1.5+x , and three for the three eigenstrain variants of  -ZrH. The total free energy of the system is defined as the summation of the chemical free energy and the elastic free energy:
where C F is the total chemical free energy and el F is the elastic free energy as follows:
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where f is the chemical free energy density of the bulk, ij K is related to the interfacial free energy between the matrix and precipitates, T is the temperature in K, ij  is the stress, ijkl C is the elasticity tensor, el ij  is the elastic strain, 00 ij  is the stress free transformation strain for each orientation variable which can be calculated using the difference between the lattice parameters of the given hydride phase in the given direction with the  phase of Zr divided by the lattice parameter of the  phase in the given direction as shown in Eq. (5), 1 2 3 , , , , , The derivation of these strains is given in details in a work by Carpenter for  and  phases [16] , and by Thuinet et al. for the  phase [13, 17] . The elasticity tensor transitions smoothly between phases with the non-conserved order parameters, by multiplying the elasticity tensor of each phase by its associated order parameter and summing them to create an overall elasticity as shown in Eq. (6) . In this model all interfaces are controlled through the non-conserved order parameters. By neglecting the gradient energy coefficient for the conserved order parameter, the computation time is significantly reduced. The same Gibb's free energies from Christensen et al.
used in the unstrained paper are used again here [18] .
The maximum hydrogen solubility is defined using the equation given by Une et al. in 2009 defining the terminal solid solubility of precipitation of hydrides in wtppm [19] : 4 25, 042 3.27 10 exp C RT
The governing equations of the multiphase field model include evolution equations for the non-conserved field variables, Fick's diffusion equation for the conserved diffusion of hydrogen, and the mechanical equilibrium equation to control the evolution of stresses and strains are:
where i L is the structural relaxation coefficient, and M is the mobility as defined in our previous work [11] . The governing equations are solved using the weak forms through the finite element implementations in the Multiphysics Object Oriented Simulation Environment (MOOSE) developed by Idaho National Laboratory [20, 21] .
The material properties and model parameters used in this work are from our previous work and are shown in Table 1 [11] , where the other two variants of  hydride stress-free strain are obtained by rotating the given stress-free strains about the z axis (the [0001] direction in the  Zr matrix). The process used to determine the gradient energy terms and the barrier terms is explained in details in our recent work [11] . All simulations were run at a temperature of 673 K, which is close to the expected temperature in operating conditions. Periodic boundary conditions were applied for all variables except for displacement; Dirichlet boundary conditions were applied to create the desired strains indicated in the simulations. Plain strain conditions were considered for our 2D simulations. Idaho National Laboratory's High Performance Computing clusters Falcon and Fission were used to complete the simulations. The single seed multiphase simulations were run using 100 CPU cores and completed in 2 to 3 days. An adaptive mesh algorithm was used to reduce the computational usage, and after a mesh convergence study, the largest mesh of 0.8 nm by 0.8 nm and a smallest mesh size of 0.2 nm by 0.2 nm at the interfaces were chosen. The algorithms controlling the mesh adaptivity as well as the adaptive time stepping are described in details in our previous work [11] .   4.6%
Results and Discussion
A single seed of metastable  phase was placed in the middle of the 2D domain at the   10 10 plane;   In the case with no applied strain, there is a circumferential (11 direction) tension of ~170 MPa above and below the hydride, and a radial compression (22 direction) of between 50 and 100
MPa in the same areas; these transformation stresses dissipate as the distance from the hydride increases. These local transformation strains around a hydride (in the case with no applied strain) may contribute to reducing the applied strain necessary for reorientation of neighboring hydrides.
The reoriented cases have larger stresses due to the applied strain, in the range of a few GPa, and these larger stresses in the material cause the hydride to reorient in the radial direction to relieve some of the elastic strain energy. The hoop strain case did not have time to fully relax after transforming to  , as the simulation was terminated just as the final portion was transformed. Little has been done to study the effects of shear stresses on hydride orientation. To test the possible effects of an applied shear strain, a simulation was run with an applied pure shear strain of 0.02 by applying equal and opposite displacements in x direction on the top and bottom boundaries and similar y displacements on the side boundaries to create the specified strain. The results in Fig. 6 show that the  phase is significantly reoriented showing much more anisotropy under the strain but the  phase at the end is only slightly affected by a small rotation in the counter clockwise direction. This may be significant if dislocations are considered in the model as there could be a memory effect leading to significant reorientation of the final  hydride shape if the  phase forms dislocation loops around it, which can cause a significantly different orientation prior to the formation of  . The stresses also shown in Fig. 6 indicate that there is a significant difference in transformation strains for the orientation of the  phase, as upon initial formation of the  phase the stresses increase significantly until they are reduced after reorientation to the near horizontal direction in the  and  phases. simulations an applied strain of 0.02 was necessary [27] . However, even a 0.01 strain is ten times larger than the experimentally determined 0.001 that is necessary to cause 40% reorientation.
The local stresses, shown in Fig. 5 , may have some effects on the applied strain necessary for reorientation. In Fig. 5 there is a tensile stress in the hoop direction and a compressive stress in the radial direction both above and below the hydride which these stresses dissipate with increasing distance from the hydride in the radial direction. These stresses are around 50-170
MPa in the areas close to the hydride. With only 40% of hydrides reorienting to the radial direction, it is entirely possible that those hydrides which did not reorient, formed first and created localized stresses around them which in combination with the applied stress caused the other hydrides to grow in the radial direction. The stresses caused on the material surrounding the hydrides by the phase change would not need to be large as they would create a more biaxial stress state, which has been proven to significantly reduce the stress necessary to cause reorientation in a recent study by Cinbiz et al. [28] . To test this possibility, several simulations were performed with multiple seeds placed in various close distances from each other to see if there is any effect of neighboring hydrides on reducing the necessary applied strain to cause reorientation.
Simulations were set up with two seeds in radial direction with varying distances from each other and under several applied strains. This configuration of seeds was chosen due to the fact that the local stresses surrounding the hydrides are largest just above and below the hydrides in the radial direction. When the distance between the centers of radially oriented seeds was 25 nm and a tensile hoop strain of 0.02 was applied, no reorientation was evident. However, as the distance between seeds decreased, reorientation started to occur, and the strain necessary to cause reorientation was significantly reduced until at a distance of 15 nm where the applied strain necessary to cause reorientation was only 0.0002. For the cases under an applied compressive radial strain (y direction), the results presented in Fig. 7 show that no reorientation occurred for 25 nm distance with a strain of 0.017, while reorientation occurred for 15 nm distance when an applied compressive radial strain of only 0.0002 was applied. For the reoriented case it can be seen that the magnitude of 11  is significantly reduced in the reoriented portion of the hydride while 22  is significantly increased. In Fig. 8 the full evolution of hydrides is shown for the case with 15 nm distance between seeds. The necessary strains for partial reorientation is plotted as a function of distance between seeds in Fig. 9 , in each case the applied strain values were checked in increments of 0.0002 for reorientation. This significant decrease in the required strain for reorientation indicates that the local elastic strains surrounding hydrides lead to the reorientation of a fraction of the hydrides in experimental conditions. These distances between seeds were tested under both tensile hoop strains and radial compressive strains. There were some simulations, in which the seeds did not reorient even though the strains were above the threshold strain for the given seed separation; in these cases one of the seeds would transform to  before the other one transformed to  , and it absorbed the other seed leaving just a larger single seed which would not reorient. Nevertheless, the simulations show that with an applied strain as low as 0.0002, a distance of 15 nm between two seeds can sometimes cause reorientation, if both hydrides are either  or  phase. In several simulations where partial reorientation occurred, the simulations were continued after full transformation to  phase to ensure that no changes would occur in the shape of the hydrides. The shapes of the hydrides remained constant, indicating that the partial reorientation is not likely due to any coarsening effects but rather is caused by the biaxial combination of stress free and applied strains.
Simulation results of two radially oriented seeds under an applied compressive radial strain (y direction). Distance between seeds is 25 and 15 nm in the top and bottom rows, respectively. The first row shows that a strain of 0.017 was insufficient to reorient the seeds with 25 nm distance from each other (a and b), and similar to the single seed case (Fig. 4 ) a compressive strain of 0.018 is needed for reorientation. Second row shows that a strain of 0.0002 was enough to cause reorientation in the case with 15 nm distance between seeds (e and f). There are some discrepancies between the elastic constants used in this study (from Zhu et al. [23] ) and those calculated by Olsson et al. [17] . The values given by Zhu et al. were used for the majority of simulations to be consistent with the unstressed model that is recently published [11] . The difference in elastic constants also brings into question the veracity of the importance of neighboring seeds on hydride reorientation. To study the effects of elastic constants on hydride reorientation, and also to test whether the neighboring seeds can mediate reorientation with a different set of elastic constants, we ran some simulations using multiphase ( Fig. 10a and Fig.10b ) and two-phase ( Fig. 10c and Fig. 10d ; transformation to  phase is not considered) models under an applied compressive radial strain (y direction) of 0.002; elastic constants given by Olsson et al. [17] are used for the  phase. In the simulations where all the hydride phases were considered (multiphase), with the different snapshots are shown in Fig. 10a and Fig. 10b , the  phase never transforms to  indicating that the higher elastic energy of  caused the  phase to be stable at the reactor operating temperatures; nevertheless, the hydride reorientation occurred in the two seed model while no reorientation was evident in the single see simulation with the same applied strain. A study by Lumley et al. [29] indicated that  may be the stable phase at operating temperatures and even mentioned that the cause of its stability may be the lattice strains. These results indicate that it is extremely important to find the correct elastic constants in order to verify all the modeling results. We ran some additional simulations ignoring the  phase formation (two-phase), with the different snapshots are shown in Fig. 10c and Fig. 10d . The threshold strains for reorientation will be somewhat different with the new elastic constants but the principle of neighboring seeds reducing that threshold is still true as reorientation occurred in a two seed simulation with an applied strain of only 0.002 as shown in Fig. 10d , where no reorientation was observed in the single seed case (Fig. 10c) . The hydride in Fig. 10d continued to change shape after the timestep shown until it was fully reoriented in the radial direction. It is also important to note that the gamma phase also reorients in the two-seed simulation ( Fig. 10b ) including all phases while it does not in the single seed simulation (Fig.   10a) ; therefore regardless of which sets of elastic constants used it appears that the distance between hydride seeds will have a significant effect on reorientation of hydrides. phase is not considered) models under an applied compressive radial strain (y direction) of 0.002; elastic constants given by Olsson et al. [17] are used for the  phase. In the single seed case (a) the raised elastic energy of  phase prevented formation of  , leaving a  phase hydride. In the two-seed simulation (b) the  phase is still stable under the same applied strain, but a complete reorientation of the final  phase hydride is evident. For the cases where the  phase is not considered (c and d), the applied strain of 0.002 could not cause reorientation in a single seed (c), but it caused reorientation of the two-seed simulation (d).
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Conclusion
A phase-field modeling study was conducted to predict the effect of applied strains and metastable  and  phases on the formation and reorientation of  phase hydrides. To cause significant reorientation of single seed hydrides, a tensile strain of 0.021 in the circumferential direction, a compressive strain of 0.018 in the radial direction, and a shear strain of 0.02 were required. Simulations of two-seed hydrides showed that the local stress zones surrounding the hydrides reduced the necessary strain to cause reorientation to 0.0002 if the two hydride seeds were placed 15 nm or closer to each other. Distance between hydrides was shown to be a significant factor in determining the threshold strain necessary for reorientation, increasing the strain to 0.001 at 20 nm and to 0.02 at 25 nm distances between the two seeds.
Tensile hoop stresses significantly reduced the driving force for the transformation of  to  hydrides. This may indicate that  hydrides can be made stable under some specific applied stress conditions. The possibility of stabilizing the  phase should be studied further both experimentally and computationally to determine if it could reduce the risk of hydride embrittlement in cladding materials since  hydrides are ductile compared to  hydrides.
The final shape of the hydrides may also be dependent on dislocation networks formed around the initial metastable hydride phases, especially in the shear strain case where dislocations forming around the initial highly reoriented  phase may impact the final orientation of the  phase. Future models of the multiphase hydrides systems should include dislocation networks in their formulations to study the effect of dislocations on the shape evolution and reorientation of hydrides.
